Lead (Pb) is predominantly produced by the slow neutron-capture process (s process) in asymptotic giant branch (AGB) stars. In contrast to significantly enhanced Pb abundances predicted by low-mass, low-metallicity AGB-models, observations of Magellanic post-AGB stars show incompatibly low Pb abundances. Observations of carbon-enhanced metal-poor (CEMP) stars whose s-process enrichments are accompanied by heavy elements traditionally associated with the rapid neutron-capture process (r process) have raised the need for a neutron-capture process operating at neutron densities intermediate to the s and r process: the so-called i process. We study i-process nucleosynthesis with single-zone nuclear-network calculations. Our i-process models can explain the heavy-element abundance patterns measured in Magellanic post-AGB stars including their puzzlingly low Pb abundances. Furthermore, the heavy-element enhancements in the post-AGB and CEMP-i stars, particularly their Pb abundance, allow us to characterise the neutron densities and exposures of the i process that produced the observed abundance patterns. We find that the lower-metallicity CEMP-i stars ([Fe/H] ≈ −2.5) have heavy-element abundances best matched by models with higher neutron densities and exposures (τ > 2.0 mbarn −1 ) compared to the higher-metallicity post-AGB stars ([Fe/H] ≈ −1.3, τ < 1.3 mbarn −1 ). This offers new constraints and insights regarding the properties of i-process sites and demonstrates that the responsible process operates on time scales of the order of a few years or less.
INTRODUCTION
The large majority of elements heavier than iron are formed by the slow (s) and rapid (r) neutron-capture processes. These processes differ in their characteristic neutron density which determines how likely it is that an unstable neutron-rich isotope captures an additional neutron before decaying (Burbidge et al. 1957; Meyer 1994; Sneden et al. 2008 ). The resulting abundance pat-terns for these processes shift as their conditions change opening up different neutron capture paths.
The s process operates at low neutron densities of n 10 11 cm −3 and its main site is within asymptotic giant branch (AGB) stars (Käppeler et al. 2011) . In this late evolutionary stage of low-and intermediatemass stars with initial masses 8 M , an AGB star experiences thermal pulses (TP) and sometimes dredgeup events, which mix the material from the intershell to the stellar surface including carbon and s-process elements. In the intershell, conditions may allow for the formation of a small (in mass) region that is rich in 13 C (also referred to as a 13 C "pocket"). Subsequent release of free neutrons via 13 C (α, n) 16 O and their captures on Fe seed nuclei produce typical s-process elements, such arXiv:1910.11882v1 [astro-ph.SR] 25 Oct 2019
as Sr, Y, Zr, Ba, La, Ce, and Pb. Strong mass loss on the AGB releases these elements into the interstellar medium and makes AGB stars important contributors to the chemical evolution of galaxies. For details and reviews about AGB stars and the s process we refer the reader to Busso et al. (1999) ; Herwig (2005) ; Karakas & Lattanzio (2014) and references therein. In contrast, the r process operates at high neutron densities of n 10 20 cm −3 (Meyer 1994) . Typical elements produced by the r process include Eu, Os, Au and Pt. Different sites have been proposed to host the extreme conditions that are required for the r process, such as magneto-hydrodynamically driven supernovae (Ono et al. 2012; Winteler et al. 2012; Nishimura et al. 2015 Nishimura et al. , 2017 and neutron star mergers (Lattimer & Schramm 1974; Meyer 1989; Thielemann et al. 2017; Kilpatrick et al. 2017; Côté et al. 2018) .
Observational evidence for another neutron-capture process intermediate to the s and r process comes from observations of carbon-enhanced metal-poor (CEMP, stars with enhancements of Ba and Eu. Generally, it is believed that CEMP stars with Ba enhancements are formed in a binary system and that their C and s-process enhancements are the results of mass-transfer from an AGB companion. However, the additional Eu enhancements of some CEMP stars cannot be explained with this formation scenario and pollution from separate s-and r-process sites have been considered unsuccessfully (Jonsell et al. 2006; Lugaro et al. 2012; Bisterzo et al. 2012; Abate et al. 2016) . It now seems likely that the observed abundance patterns are the result of a neutron-capture process that can occur in one single stellar site and operates at neutron densities intermediate to the s and r process (n ≈ 10 14 − 10 15 cm −3 ) (e.g. Dardelet et al. 2014; Hampel et al. 2016) : the intermediate neutron-capture process (i process, Cowan & Rose 1977; Malaney 1986) .
Another example of objects with a puzzling heavyelement enrichment are post-AGB stars (e.g. van Winckel 2003) in the Small and Large Magellanic Clouds (SMC and LMC). From the inferred absolute luminosities it is possible to constrain the initial masses of the progenitors to 1 − 1.5 M at metallicities between −1 ≤ [Fe/H] ≤ −1.3 (De Smedt et al. 2012; van Aarle et al. 2013; De Smedt et al. 2014 , 2016 . Stellar models in this mass and metallicity range can produce high yields of s-process elements and due to fewer iron seeds at lower metallicities, the chain of neutron captures reaches all the way to the end of the neutron capture path at Pb (Gallino et al. 1998; De Smedt et al. 2012 ). Measurements of the Pb abundance in post-AGB stars in the LMC and SMC are only able to provide upper limits. However, even these upper limits are lower than the high abundances predicted from AGB models with the required low progenitor mass and metallicity (De Smedt et al. 2012 van Aarle et al. 2013; Lugaro et al. 2015; Trippella et al. 2016) .
In order to reconcile the predicted and observed Pb abundances, uncertainties and parameters in AGB models have been studied, in particular with respect to the 13 C pocket responsible for the production of free neutrons. These attempts were not able to resolve the discrepancies (e.g. Lugaro et al. 2015; Trippella et al. 2016) . Lugaro et al. (2015) demonstrated that the full elemental pattern is incompatible with the s process and proposed that these abundance patterns might be better explained by i-process nucleosynthesis resulting from proton-ingestion episodes in the AGB progenitor. However, they did not explore this idea in detail with an appropriate nuclear network. Hampel et al. (2016, from here on Paper I) studied the equilibrium heavy-element abundance patterns characteristic for different neutron densities up to n = 10 15 cm −3 . This deliberately excluded investigating Pb, which always gets produced as a function of time and does not reach equilibrium with Fe and the other heavy elements. Via comparisons to the abundance patterns in CEMP stars Paper I identified the i process as the best explanation for stars that show both Ba and Eu enrichments and renamed them CEMP-i stars (formerly known in the literature as CEMP-s/r and variations thereof). However, additional insight into the total amount of captured neutrons and the time scale of the process is also essential for further interpretation.
This study aims at extending Paper I by systematically studying the parameters that are responsible for shaping i-process abundance patterns and the production of Pb. This includes investigating the dependence on both the neutron density and the integrated neutron exposure, the latter as a proxy for the time evolution constrained by observed Pb abundances. By comparing our results to the observed heavy-element abundances, particularly those of Pb measured in CEMP-i and Magellanic post-AGB stars, we aim to (i) show if the puzzlingly low Pb abundances can be attributed to the i process and (ii) constrain the neutron densities and exposures characteristic for the i process in these two types of objects with different metallicities. This is an important step towards identifying the site at which the i process operated in our observed samples. Moreover, linking the abundance patterns from CEMP-i and Magellanic post-AGB stars to the characteristic properties of the underlying neutron captures, we can infer obser-vational constraints on the metallicity dependence of the i process.
We describe our method in §2 and show the results of our nuclear-network calculations in §3. In §4 we present the data sample of CEMP-i and post-AGB stars that provides us the observational i-process probes for this study. We compare our simulations to the observations in §5 with separate evaluations of the CEMP-i and post-AGB star comparisons in §5.1 and §5.2, respectively. A discussion of these results is provided in §6 complemented by a final summary and concluding remarks in §7.
METHOD
As in Paper I, we study the production of heavy elements by the i process by feeding constant neutron densities into a one-dimensional, single-zone nuclearreaction network using NucNet Tools (Meyer 2012) and the JINA Reaclib database (Cyburt et al. 2010) . We model heavy-element production in conditions typical of the intershell region of a low-mass, low-metallicity AGB star in the presence of constant neutron densities of different magnitudes. Temperatures and densities in the range 1.0 × 10 8 K ≤ T ≤ 2.2 × 10 8 K and 800 g cm −3 ≤ ρ ≤ 3200 g cm −3 were investigated, corresponding to the AGB-intershell conditions used by Stancliffe et al. (2011) . Compared to charged-particle reactions, neutron-capture reactions are less temperature sensitive. Consequently, we find that different temperatures and densities do not result in significant changes in the heavy-element abundance patterns. Therefore, in the following, we present one representative case with T = 1.5 × 10 8 K and ρ = 1600 g cm −3 . We note that the temperature and density significantly affect the activation of the neutron-producing charged-particle reactions, which are not studied in this work.
We use two different initial compositions for our calculations of possible i-process enrichment in the CEMP-i and post-AGB stars to account for the different metallicities of the observed objects. Such different initial compositions are used for consistency with the metallicities of the CEMP-i and post-AGB stars. However, for nuclear network calculations with imposed constant neutron densities, a different initial composition does not result in significantly different heavy-element abundance patterns. For the CEMP-i stars we use abundances from the intershell of a 1M -AGB model with metallicity [Fe/H] = −2.3 at the second thermal pulse from Lugaro et al. (2012) . For the post-AGB stars we use abundances from the intershell of a 1.7M -AGB model with metallicity [Fe/H] = −1.4 from , also at the second thermal pulse. In particular, these authors assumed an initial scaled-solar composition with solar abundances from Asplund et al. (2009) .
We expose the intershell material to constant neutron densities of n = 10 11 , 10 12 , 10 13 , 10 14 , and 10 15 cm −3 to study the detailed abundance patterns created by neutron-capture processes. Note that the original definition of the i process by Cowan & Rose (1977) refers to a neutron density of n = 10 15 cm −3 and the lower neutron densities in our range up to n = 10 13 cm −3 are known to occur as peak neutron densities in s-process simulations (e.g. Raiteri et al. 1991; Gallino et al. 1998; The et al. 2007; Pignatari et al. 2010; Fishlock et al. 2014 ). This level of neutron density is typically only reached for a short amount of time in s-process models (of the order of days, see e.g. Fishlock et al. 2014) and can be the result of the activation of the 22 Ne source. Despite being short these intense neutron bursts can impact the heavyelement abundance pattern by opening up specific sprocess branching points. However, these peak-s-process neutron densities do not produce the distinct i-process patterns that form when the bulk of the neutron irradiation occurs at the higher neutron density, as we model here. It is not clear that the s-and i-process neutron densities are separated by a fixed boundary. Instead, we expect an overlap of the associated neutron-density regimes, depending on the actual physical i-process sites and the resulting neutron-capture time scales. In order to study the transition between "typical" s-and iprocess abundance patterns it is important to cover all these neutron densities in a systematic study.
We use the time-integrated neutron exposure τ to quantify the total amount of captured neutrons and the time scale of the responsible process:
with neutron density n, thermal neutron velocity v T , Boltzmann constant k B , temperature T , and neutron mass m n . Note that τ ∝ t for our case of a constant neutron density. It is the combination of neutron density and exposure that allows us to infer the detailed operation of the neutron producing reactions and will ultimately constrain the thermodynamic properties and structural details of the production site. In Paper I all calculations were run until complete equilibrium was reached between the heavy elements lighter than Pb, which was ensured by an unnaturally large exposure of τ = 495 mbarn −1 . This means that a steady flow between neighbouring species was reached when the reaction rates of production and destruction (neutron-capture reactions and β − decays) reach equilibrium. Constant abundance ratios between species are created and result in heavy-element abundance patterns that are characteristic at each neutron density, and independent from the actual total neutron exposure. However, Pb is only produced by neutron captures but not significantly destroyed and therefore does not reach equilibrium with Fe or the other heavy elements.
Here we expand our previous study from Paper I by exploring different neutron exposures in order to investigate the evolution of the elements at the end of the neutron-capture chain and Pb in particular. In practice, we extract the simulated abundance patterns of the produced unstable, neutron-rich isotopes from the nuclearnetwork calculations at each time step and evolve their further evolution without additional neutron exposure for t = 10 Myr. This allows the long-lived unstable isotopes to decay; a longer decay time than 10 Myr only has a negligible effect on the observable elemental abundances. For each tested neutron density, this results in a series of time-(and thereby exposure-) dependent heavy-element patterns.
RESULTS OF THE NUCLEAR NETWORK CALCULATIONS
When modelling the production of heavy elements by neutron-capture reactions, isotopes with magic neutron numbers are of particular interest. Due to low neutroncapture cross sections relative to their neighbouring isotopes, nuclei with magic neutron numbers act as bottlenecks on the neutron-capture path and are produced in larger quantities than their neighbouring isotopes. For the s process this gives rise to the Solar s-process element abundance pattern with the light s-process (ls) peak with representative elements such as Sr, Y and Zr (atomic numbers Z = 38, 39, and 40, respectively); the heavy s-process (hs) peak with representative elements such as Ba, La, and Ce (atomic numbers Z = 56, 57, and 58, respectively); and the Pb (Z = 82) peak (e.g., Sneden et al. 2008; Karakas & Lattanzio 2014) . In Paper I we discussed how the i process operates, the resulting heavy-element abundance patterns, and how they differ from the typical s process. In the following section we focus on the time-dependence of the i-process nucleosynthesis and the production of Pb in particular. Figure 1 shows the evolution of the relative heights of the s-process peaks in our simulations, where we use Sr and Ba as representatives of the ls and hs peak, respectively. Since the material in our simulation is exposed to large neutron fluxes, the evolution of the s-process peaks is independent of the initial compositions. The shown abundances refer to the final, post-decay abundances of the stable nuclei. For comparison, a simulation with a typical s-process neutron density of n = 10 7 cm −3 is also included in Figure 1 . To account for the different time scales on which neutron captures happen at different n, the Sr, Ba and Pb production ratios are shown as a function of the time-integrated neutron exposure τ . All the simulations show an initial phase of decrease in [Ba/Sr] and [Pb/Ba] until they reach a minimum and begin to rise. For each simulation the rise of [Pb/Ba] starts after the rise in [Ba/Sr]. This shows that the main production of Sr, Ba and Pb follow one after the other in the respective order as expected.
The minimum [Ba/Sr] and [Pb/Ba] for the different simulations shows that models with higher n start their production phases of Ba and Pb at higher τ . This shift shows a slow down of the heavy-element production in terms of integrated neutron exposure in comparison to the s process. As the i-process neutron-capture path moves away from the valley of stability more neutronrich isotopes are produced. On average, these have lower neutron-capture cross sections than isotopes with fewer neutrons which are closer to the valley of stability. With a decrease of the average neutron-capture cross section an increase in neutron exposures is required for the production of heavier isotopes and Pb in particular.
In more detail, Figure 1 also shows the heavy-element abundance patterns of the simulations with n = 10 7 , 10 13 , and 10 15 cm −3 at the same integrated neutron exposure τ = 2.0 mbarn −1 . From the different distributions of the produced heavy elements, it can be seen that the neutron-capture paths have progressed to very different stages, although the same amount of neutrons per neutron-capture cross section have been provided. The simulation with n = 10 15 cm −3 shows a peak for the elements Xe, Cs, and Ba (Z = 54, 55, and 56, respectively). The neutron-capture path just reaches the second bottleneck at the magic neutron number N = 82 and it mainly produces magic isotopes of elements a few atomic numbers lighter than the traditional s-process elements. This results in a predominant production of the radioactive isotope 135 I (with decays to 135 Cs and 135 Ba) instead of the stable magic s-process isotopes such as 138 Ba, 139 La and 140 Ce. Most of the heavy elements that have been produced at n = 10 15 cm −3 due to this exposure of τ = 2.0 mbarn −1 are lighter than Ba. Most notably, the main neutron-capture path has not reached the Pb peak yet and the stable decay products show [Pb/Ba] = −2.9.
In contrast, the neutron capture path of the simulation with n = 10 13 cm −3 has passed the first bottlenecks at the magic neutron numbers N = 50 and N = 82 and has progressed to the third Pb peak. Pb is already produced at a level similar to that of the second magic neutron peak with [Pb/Ba] = 0.2. The simulation with n = 10 7 cm −3 shows the fastest progression in terms of neutron exposure, where the neutron-capture path has reached the highest production of Pb with abundances as high as [Pb/Fe] > 7 and [Pb/Ba] > 1.5.
An important consequence is evident in Figure 1 : the simulations at neutron densities with n ≥ 10 11 cm −3 cover regimes of [Ba/Sr]-[Pb/Ba] space that cannot be reached by standard s-process nucleosynthesis. With the exception of n = 10 15 cm −3 , all the simulations show an almost identical ratio of [Ba/Sr] ≈ 1.2 at τ ≈ 1.6 mbarn −1 . At the same neutron exposure, the simulations with different n cover a range of more than 3 dex in the corresponding [Pb/Ba] abundance ratios. More generally, even at different exposures Figure 1 shows that the different neutron densities only result in relatively small changes in [Ba/Sr] compared to the larger ones in [Pb/Ba]. This gives rise to the possibility of explaining a range of heavy-element abundance patterns and in particular the different relative ratios of the ls, hs and Pb-peak using a range of neutron densities and exposures. Figure 1 does not show the final phase of the abundance evolution, where the ratio between two elements becomes constant as a steady flow between them brings their abundances into equilibrium (studied in Paper I). For [Ba/Sr] this happens at higher exposures than shown (τ 10 mbarn −1 for n = 10 7 cm −3 and even higher for increasing n) and [Pb/Ba] does not reach an equilibrium at all. The second panel in Figure 1 suggests that such an equilibrium may be reached for n = 10 7 cm −3 at τ 2.5 mbarn −1 , which is not the case. Instead, [Pb/Ba] enters a phase of decrease before increasing again at higher τ . This is due to different production and destruction phases of Ba as it reaches equilibrium stages with other heavy elements, whereas the abundance of Pb keeps rising continuously and does not enter such steady-flow equilibria.
OBSERVATIONAL SAMPLE
We consider observed heavy-element abundance patterns from CEMP-i and post-AGB stars. The sample of CEMP-i stars is adapted from the sample compiled by Abate et al. (2015) show the evolution of the relative abundances of the s-process peaks as a function of time integrated neutron exposure τ . c) Shows the heavy-element abundance patterns in the simulations with different neutron densities n at the same neutron exposure τ = 2.0 mbarn −1 . The shown abundances refer to the final, post-decay abundances of the stable isotopes. Note that these are predicted, undiluted abundances and cannot be directly compared to observed [X/Fe] ratios. Further dilution with solar-scaled material will decrease the [X/Fe] ratios to the levels observed in CEMP-i and post-AGB stars (see section §5). and CEMP-s/r from Abate et al. (2015) . Note that some authors prefer more restrictive definitions by including an extra constraint on the upper limit on the relative abundance ratios of s-to r-elements, e.g. [Ba/Eu] < 0.5 or [La/Eu] < 0.4 (Bisterzo et al. 2012 ). However, this restriction results in the misclassification of some stars as CEMP-s even though the heavy-element abundances are inconsistent with sprocess nucleosynthesis and are better matched by iprocess predictions (Paper I).
Out of the 20 stars from Abate et al. (2015) we select the 16 stars with measured Pb abundances. We complement the sample with an additional 8 stars from the SAGA database (Suda et al. 2008) , the JINABase (Abohalima & Frebel 2018) , Masseron et al. (2010) , and Bisterzo et al. (2012) . These additional stars were selected because they fulfil the criteria above and have a measurement or upper limit of the Pb abundance. They extend the metallicity range of our sources down to [Fe/H] = −3. For consistency with the compilation by Abate et al. (2015) we adopt the same handling of multiple abundance and uncertainty measurements. We refer the reader to Abate et al. (2015) for details regarding the data selection. Details of the 24 CEMP-i stars in our sample are listed in Table 1 .
To investigate the puzzlingly low Pb abundances found in post-AGB stars, we consider the measured abundances and upper limits from five post-AGB stars in the LMC and SMC (De Smedt et al. 2012; van Aarle et al. 2013; De Smedt et al. 2014 . We focus on the five post-AGB stars that show characteristics of being intrinsically enriched and exclude J053253, which instead has been suggested as a candidate for a young stellar object Kamath et al. 2015) . Due to its high metallicity of [Fe/H] = −0.5 we also exclude J051213. This makes our sample compatible with the study by Lugaro et al. (2015) . Additionally, we include the two most metal-poor Galactic post-AGB stars from De Smedt et al. (2016) 
A summary of the 7 post-AGB stars selected for this study is given in Table 1 where we show the full designations of the post-AGB stars considered in this study.
De Smedt et al. (2016) concluded that their upper limits for the Pb abundances of stars with [Fe/H] > −0.7 are compatible with predictions from AGB models. While the full abundance patterns were not tested for each individual star, it becomes evident from the [Pb/hs] and [Pb/ls] ratios (shown in their Figure 14 ) that [Fe/H] = −0.7 is the boundary below which the Pb discrepancy arises.
All together, this gives us a sample of 31 stars with Pb abundances or upper limits thereof, where we have 13 new i-process candidates and 16 stars that have been confirmed in Paper I to exhibit an i-process signature. Our sample spans a total metallicity range of −0.8 ≥ [Fe/H] ≥ −3.0.
COMPARISON TO OBSERVATIONS
To compare calculated heavy-element abundances to measured surface abundances of stars we assume some dilution with material of scaled-solar composition. Considering that we expect the i-process to operate only in a small region of the star, it is justified to expect that further evolution, e.g., dredge-up episodes in the AGB phase or mass-transfers onto a companion star, will dilute the i-process material. For this we assume a solar-scaled heavy-element distribution of the dilution material and compute the final abundances X:
where X i is the calculated i-process abundance of each element, X the solar-scaled abundance 1 and d a dilution factor, which is a free parameter 2 with a value between 0 and 1. We compare the modelled abundances at different n to the sample of observed surface abundances of CEMP-i and post-AGB stars by varying the free parameters τ and d in order to find the minimal χ 2 :
where [X Z /Fe] obs and [X Z /Fe] mod are the observed and modelled abundances, respectively, of the element with atomic number Z and σ Z,obs is the observational error of [X Z /Fe] obs . For these calculations, only the abundances of the heavy elements with Z > 30 are taken into account. Furthermore, for the post-AGB stars in the LMC and SMC, the observed Pb abundances are only upper limits and consequently cannot be considered in the χ 2 analysis of the fits. To put a special emphasis on the challenge that these Pb observations pose to nucleosynthesis models, we only consider models that do not produce Pb abundances above the observed upper limits. In our analysis we use the absolute χ 2 to identify the best fit for each star. A standard approach to compare the goodness of fits is using the reduced χ 2 red = χ 2 /ν, Table 1 . The data sample. Temperatures, surface gravities and selected chemical properties of the studied 24 CEMP-i and 7 post-AGB stars. 
where ν is the number of degrees of freedom for the fit, which can only be reliably determined in the case of linear models without priors. Moreover, the observational data do not have uncorrelated Gaussian errors, which is why the statistical interpretation of χ 2 red does not apply here. The given σ Z,obs still give useful measures of how to weight different elemental abundances for a fit to an individual star; however, it is not meaningful to derive the goodness of the fits and uncertainties of the determined fit parameters based on χ 2 statistics. Figure 1 indicates that the fit parameters n and τ are correlated, where models with higher n also systematically require higher τ to produce the same abundance level. Moreover, Figure 1 suggests a certain degeneracy of the parameters where a different set of n and τ can result in similar abundance ratios. In the absence of a meaningful χ 2 red measure to analyse the uncertainties and correlations of our parameters, we concentrate on presenting the best fitting models for each star. In some cases, almost equally good fits can be obtained from two models with different neutron densities, which we identify based on a 10%-variation of the minimal χ 2 . We then also show the alternative fit to give an impression of how constrained the parameters are.
Comparison to carbon-enhanced metal-poor stars
We begin comparing our simulated abundance patterns to observations of the CEMP-i star LP625-44. This star has a metallicity of [Fe/H] = −2.75 and was discussed extensively in Paper I. Here we refit the elemental composition of LP625-44 using the method outlined in §2 which now includes the Pb abundance and an exposure dependence in the fit. Figure 2 shows the two best fits of the modified method, which come from the simulations with n = 10 13 cm −3 and n = 10 14 cm −3 . For comparison, the best fit from Abate et al. (2015) is also shown, which represents standard AGB evolution with s-process nucleosynthesis and binary interactions. We find the neutron density which reproduces the observed abundances of LP625-44 best is n = 10 13 cm −3 , which is lower than the previous result of n = 10 14 cm −3 from Paper I. However, based on the corresponding values of χ 2 = 4.23 and χ 2 = 4.27, respectively, these fits are almost equally as good to describe the observed abundances. Moreover, as in Paper I a neutron density of n = 10 15 cm −3 results in a significantly worse fit with χ 2 = 13.1.
Our modified method shows that the neutron captures must occur over a relatively short time scale in order to match the data without overproducing Pb: for LP625-44, exposures as low as τ = 2.0 mbarn −1 and τ = 2.4 mbarn −1 at n = 10 13 cm −3 and n = 10 14 cm −3 , 2015) is shown in cyan. The best fitting s-process models with initial rprocess enhancement can be found in Fig. 31 of Bisterzo et al. (2012) .
respectively, result in the best fits to the observations and correspond to time scales of 15 and 1.7 days, respectively.
In contrast to the good fits from the i-process simulations, Figure 2 also shows that s-process simulations (data from Abate et al. 2015 ; see also Figure 31 from Bisterzo et al. 2012 ) overproduce the Pb abundance in particular compared to the hs elements which are simultaneously underproduced. A less efficient s process, which is an assumption needed to better match the Pb observation, would also reduce the predicted hs abundances and hence even further increase the discrepancy that the hs measurements pose. It was already concluded in Paper I that the observations of LP625-44 show an abundance pattern that is best explained by iprocess nucleosynthesis. The present additional consideration of the Pb enhancement of LP625-44, especially in comparison to the high enhancements of the elements with atomic numbers between 56 ≤ Z ≤ 72, further strengthens this conclusion. Figure 3 shows the abundance pattern of CEMP-i star CS31062-050, our best-fitting model, and the best sprocess fit from Abate et al. (2015) . CS31062-050 has a metallicity of [Fe/H] = −2.4 and it has been the subject of multiple observational studies (e.g. Aoki et al. 2002a,b; Lai et al. 2004; Johnson & Bolte 2004; Aoki et al. 2006; Lai et al. 2007) 2015) is shown in cyan. The best fitting s-process models with initial r-process enhancement can be found in Fig. 26 of Bisterzo et al. (2012) . The observational data are adapted from Johnson & Bolte (2004) with Ba, Os, and Ir abundances from Aoki et al. (2006) . Due to the high number of observed elements in CS31062-050 this star displays even more characteristics incompatible with s-process nucleosynthesis than already discussed for LP625-44, many of which have been pointed out by Johnson & Bolte (2004) and Bisterzo et al. (2012, see their Figure 26 ) but were not explicitly discussed in Paper I. This includes a high abundance ratio of Eu and Tb (Z = 65), where both of these elements are predominantly produced in the Solar System by the r process with a contribution of 98% and 94%, respectively (Sneden et al. 2008) . However, the observed ratio of Eu/Tb = 3.1 cannot be reproduced by a pure r process (Eu/Tb = 1.52), a pure s process (Eu/Tb = 0.63), or any combination thereof. Contrary to these two standard neutron-capture processes, an i process with n = 10 14 cm −3 yields Eu/Tb = 3.5 and can naturally explain this high observed abundance ratio. Similar discrepancies for Dy (Z = 66) and Ho (Z = 67) can also be resolved by the i process. Additionally, abundances for Pd, Lu, Os and Ir (atomic numbers Z = 46, 71, 76, and 77, respectively) are available for CS31062-050. Due to the observational challenges posed by the spectral lines of these elements (see, e.g., both Figures 1 of Johnson & Bolte 2004 and , they are infrequently studied in other CEMP stars. These rarely-measured elements provide valuable constraints on the heavy-element pattern between the three s-process peaks, all of which are well matched by our i-process models.
The best matching simulation for CS31062-050 requires a neutron exposure of τ = 3.4 mbarn −1 at a density of n = 10 14 cm −3 corresponding to a time of 2.5 days. The abundance pattern of CS31062-050 has also been the object of other i-process studies: Dardelet et al. (2014) reproduced the abundance pattern of CS31062-050 with single-zone i-process nucleosynthesis calculations at a neutron density of n = 3 × 10 14 cm −3 and τ = 40 mbarn −1 (see their Figure 1 ). In comparison to our best-fitting model the neutron densities are of similar magnitude, while the required neutron exposures differ by more than an order of magnitude. With τ = 40 mbarn −1 , our models overpredict the Pb abundance by at least 1.3 dex. However, it is not clear whether the observed Pb abundance was taken into account in the fits from Dardelet et al. (2014) and is reproduced by their high-exposure simulation. Denissenkov et al. (2018a) show that the heavy-element abundances, including Pb, can be reproduced by the i process in their models of rapidly-accreting white dwarfs (see their Figure 12) .
We find similar results for the neutron densities and exposures across the whole sample of studied CEMP-i stars. Table 2 lists the details of the best-fitting models for each of the stars and Appendix A (online only) shows the individual abundance patterns in detail. For all of the 24 studied stars (16 revisited from Paper I), we find that the determined constant neutron density is either smaller than that found in Paper I (for 9 stars) or the same (for 7 stars). The majority of 13 stars can be fitted best by an abundance pattern produced by a neutron density of n = 10 13 cm −3 , five are best fitted by n = 10 14 cm −3 , and only one by n = 10 15 cm −3 . Despite n = 10 15 cm −3 being the neutron density that is typically associated with the i process in the literature, we can rule out this neutron density as being characteristic for the CEMP-i stars.
The integrated neutron exposures of the best-fitting models span a narrow range between 1.8 ≤ τ ≤ 3.4 mbarn −1 with 4 exceptions:
• CS29497-030 and CS22887-048 require much higher exposures of τ = 23.2 mbarn −1 and τ = 12.0 mbarn −1 , respectively, 2015) is shown in cyan. The best fitting s-process models with initial r-process enhancement can be found in Fig. 18 of Bisterzo et al. (2012) .
• HE2258-6358 requires a high neutron exposure of τ = 7.7 mbarn −1 but is also the only star with a best fit at n = 10 15 cm −3 , and
• HE0336+0113 can only be matched with a model of a particularly low exposure of τ = 1.1 mbarn −1 .
CS29497-030 and CS22887-048 are the two stars with the highest Pb abundance amongst the studied CEMP-i stars ([Pb/Fe] = 3.5 for both), as well as the highest ratios between the Pb and hs peak. Consequently, high neutron exposures are needed to reproduce these high Pb abundances. As an example, Figure 4 shows the abundance pattern of CS29497-030 with the best fitting models from this work and from Abate et al. (2015) . In contrast to CS29497-030 and CS22887-048, the abundance pattern of HE2258-6358, shown in Figure 5 , does not show an extreme over abundance of Pb, which would naturally require a higher neutron expose. Instead, the exceptionally high required neutron exposure is due to the fact that the best fitting model has a neutron density of n = 10 15 cm −3 . As evident from Figure  1 and discussed in §3, the production of heavy elements needs higher exposures the higher the neutron densities. Figure 5 also shows the second best fit to the abundances of HE2258-6358, which occurs at the parameters n = 10 14 cm −3 and τ = 2.6 mbarn −1 . The χ 2 values of 28.8 and 30.1 for n = 10 15 cm −3 and n = 10 14 cm −3 , respectively, show that the quality of the fits are comparable and that the parameters of the alternative fit lie within the expected range. The CEMP-i star whose fit to its abundance pattern results in the lowest neutron exposure is HE0336+0113, shown in Figure 6 . Not only does this fit indicate a low neutron exposure of τ = 1.1 mbarn −1 but also a low neutron density of n = 10 11 cm −3 . These parameters are very similar to those needed to match the post-AGB stars discussed in the next section, although the atmospheric parameters of T = 5700 ± 100 K and log g = 3.5 ± 0.25 identify it as a subgiant and not a post-AGB star. In fact, the abundance pattern of HE0336+0113 has more similarities with those of the post-AGB stars than with the other CEMP-i stars: it has the highest ls peak amongst the CEMP-i stars ([Sr/Fe] = 1.8) and a low [hs/ls] ratio combined with an upper limit of the Pb abundance at a particularly low level, which makes it the only CEMP star in the sample with [Pb/Ba] < 0. Moreover, it has a high overabundance of Ba compared to Eu of [Ba/Eu] = 1.3. In addition to these properties, which are more characteristic for s-than for i-process nucleosynthesis, Bisterzo et al. (2012, Figure 2 ) matched the abundance pattern of HE0336+0113 by s-process nucleosynthesis of an AGB star with initial mass of 1.4 M and an initial r-process enrichment of [r/Fe] = 0.5. For comparison, Figure 6 also shows the best fit to our simulation with a neutron density of n = 10 7 cm −3 , which is typical for the s process. The resulting fit is not significantly worse than the one n = 10 11 cm −3 and shows that determinations of the abundances of further elements, particularly of the heavy rare-earth elements, are desired to better constrain the nucleosynthetic history.
Our method for classifying CEMP-i stars did not have an upper limit for [Ba/Eu] ratios, although it is often used as criterion for s-process enrichment (see §4). In different classification schemes, e.g. [Ba/Eu] < 0.5 (e.g. , HE0336+0113 would not be classified as a CEMP-i star, but as a CEMP-s star instead. However, the same classification scheme would also classify 12 other stars from our CEMP-i sample as CEMP-s, although our fits from Paper I and Table 2 show that their abundance patterns can be better matched by i-process nucleosynthesis. For example, this includes the previously discussed stars LP625-44 ( Figure 2 ) with [Ba/Eu] = 0.9 and CS31062-050 with [Ba/Eu] = 0.7 which have heavy-element abundances clearly incompatible with the s process and reproducible by i-process nucleosynthesis.
Although . Best fits of the heavy-element abundance pattern of HE0336+0113. The blue and orange line show the best fitting models with n = 10 11 cm −3 and n = 10 7 cm −3 , respectively. The best fitting s-process models with initial r-process enhancement can be found in Fig. 2 of Bisterzo et al. (2012) . Figure 7 shows the abundance pattern of the Pbdeficient post-AGB star J052043 with our best-fitting model, while the fits for all other stars can be found in Appendix B (online only). The best-fitting model was not only chosen by the minimal χ 2 value of the fit but also by the additional constraint that the observed upper limit of the Pb abundance should not be overproduced. The abundance pattern of J052043 can be best reproduced by simulations with a neutron density of n = 10 12 cm −3 for 83.3 days, resulting in a neutron exposure of τ = 1.1 mbarn −1 .
Comparison to post-AGB stars
For comparison, s-process models from Lugaro et al. (2015) are also shown in Figure 7 . These are the results of AGB evolution and nucleosynthesis of models with an initial mass of 1.3 M , metallicity [Fe/H] = −1.3 and 13 C pockets produced by two different constant proton abundances mixed into the intershell with X (H) case3 = 0.7 × 10 −4 and X (H) case4 = 1.05 × 10 −4 . These two different 13 C pockets were fine-tuned to comply with the upper Pb limit and to match the hs abundances, but fail to reproduce the other characteristics of the observed abundance patterns. This can be clearly seen by the underproduction of the elements between the hs and Pb peak starting at Eu. The enhancement levels of these elements can be naturally matched by our simulation without overproducing Pb. Additionally, our simulations are successful at reproducing the observed ls-and hs-enhancements and the relative strengths of the s-process peaks.
The parameters for the best fitting i-process models for the studied post-AGB stars are summarised in Table 2. The abundance patterns and upper Pb limits of all 7 post-AGB stars can be fitted best by i-process models of n = 10 11 cm −3 and n = 10 12 cm −3 , which is at the lower end of the tested neutron densities. Similar to the CEMP-i stars, our models show that the process responsible must have operated on short time scales. The required integrated neutron exposures for the post-AGB stars lie in the narrow range between 1.0 ≤ τ ≤ 1.3 mbarn −1 leading to time scales between 0.2 and 2.5 years. Overall, the neutron densities and exposures found for the post-AGB stars are lower than those required to match the CEMP-i stars. The lower neutron densities in the i-process simulations allow for somewhat longer operation time scales in the post-AGB stars compared to CEMP-i stars. In general, the time scales of all of the best-fitting models are by far shorter than those of typical s-process nucleosynthesis in the 13 C pocket of the order of 10 4 yr: the longest of our simulations fitting the post-AGB stars requires only 2.4 years. Figure 8 shows the exposure and neutron density of the best fits to the observations as a function of their metallicity. Interestingly, our results show a bimodial distribution of parameters characterising the best-matching i-process conditions. The CEMP-i fits predominantly have higher neutron densities of n = 10 13 cm −3 to n = 10 14 cm −3 and higher integrated neutron exposures of τ ≥ 1.8 mbarn −1 than the simulations matching the abundances of the Pb-poor post-AGB stars, which show lower neutron densities of n = 10 11 cm −3 to n = 10 12 cm −3 and lower integrated neutron exposures of 1.0 ≤ τ ≤ 1.3 mbarn −1 . A possible explanation of this bimodality is that these are the products of i-process nucleosynthesis occurring at two different sites where the specific i-process conditions give rise to slightly different characteristics. Alternatively, we could assume the same i-process site and that the reduction of n and τ is an effect of changing metallicity on the neutron production. 
Summary of Results

DISCUSSION
The two fundamental questions regarding the i process are: Does it happen in nature? And if so, where and how? Despite the simplicity of our one-zone models, our results confirm that the observed abundance patterns of CEMP-i and Pb-poor post-AGB stars are best explained by i-process nucleosynthesis. This result can be used to help us shed light on possible i-process sites by considering which progenitors may be responsible for the observed i-process abundance patterns.
Let us start with the more obvious case: we know that the progenitors of the Pb-poor post-AGB stars are low-mass AGB stars and that their heavy-element enrichment is a direct result of their previous stellar evolution. Therefore our results imply that low-mass AGB stars with initial masses of approximately 1 − 1.5 M at metallicities of −1.3 ≤ [Fe/H] ≤ −0.7 reach stages in their evolution that give rise to i-process conditions. Moreover, it seems that these progenitors have not experienced standard AGB s-process nucleosynthesis, as this would produce higher Pb abundances accompanying the other heavy-element enhancements (De Smedt et al. 2012 Lugaro et al. 2015; Trippella et al. 2016) . From our results we cannot constrain the evolutionary phase in which the i-process nucleosynthesis occurred. Did it occur during the TP-AGB phase, replacing the s process, or is it the result of late He-shell flashes when the star has moved to the post-AGB?
The high neutron densities required for the i process could result from proton-ingestion episodes (PIEs). PIEs occur when protons are entrained into convective layers rich in He and C. This can lead to a neutron burst at i-process neutron densities via the 12 C (p, γ) 13 N (β + ν) 13 C (α, n) 16 O reaction chain (Cowan & Rose 1977) . A diversity of sites has been proposed to host PIEs and in extension i-process nucleosynthesis. These include core He flashes in low-metallicity low-mass stars (Campbell et al. 2010; Cruz et al. 2013 ), super-AGB stars (Doherty et al. 2015; Jones et al. 2016 ), very late thermal pulses (Herwig et al. 2011 ), rapidlyaccreting white dwarfs (Denissenkov et al. 2017 (Denissenkov et al. , 2018a , and metal-poor massive stars (Clarkson et al. 2018; Banerjee et al. 2018) . PIEs have also been predicted to occur in the first fully developed convective thermal pulse(s) in low-mass, low-metallicity AGB stars where the upper metallicity limit depends on mass and composition but tends to lie below [Fe/H] −2 Fujimoto et al. 1990; Iwamoto et al. 2004; Campbell & Lattanzio 2008; Lau et al. 2009; Cristallo et al. 2009 Cristallo et al. , 2016 . While this metallicity is compatible with the studied CEMP-i stars, it is questionable whether this is also a realistic scenario to have occurred in the progenitors of the Pb-poor post-AGB stars of higher metallicity. How could the i process occur in a post-AGB star with [Fe/H] > −2? Sakurai's Object (V4334 Sagittarii) is a born-again giant at solar metallicity and shows neutron-capture enrichments but only in the lightest el-ements such as Rb, Sr, Y, and Zr (Asplund et al. 1999) . Similarly to the post-AGB stars in our sample, Sakurai's Object does not show the abundances that are expected from s-process nucleosynthesis during the TP-AGB phase at the observed solar metallicity. In particular, the measured abundances of the s-process peaks relative to each other pose challenges to standard sprocess nucleosynthesis with a significantly higher observed overproduction of the ls peak. Without significant s-process contribution during the TP-AGB phase, the observed neutron-capture nucleosynthesis could be driven by a late He-shell flash which ingests the thin remaining H envelope. Herwig et al. (2011 Herwig et al. ( , 2014 studied such a (very) late He-shell flash in three-dimensional hydrodynamic simulations. The resulting i-process nucleosynthesis informed by the three-dimensional calculations can successfully explain the abundances in Sakurai's Object (Herwig et al. 2011 ).
The complicated details of different effects in the three-dimensional hydrodynamic simulations of protoningestion episodes are still debated and not fully understood. Stellar evolution models predict a prompt splitting of the convective zone prohibiting further mixing and i-process nucleosynthesis. Three-dimensional hydrodynamic simulations motivate that such a split can be delayed (Herwig et al. 2011) whereas Stancliffe et al. (2011) did not find evidence for convective zone splitting. Additionally, Herwig et al. (2014) observed that the proton ingestion can trigger global oscillations with uncertain consequences, such as enhanced entrainment rates or self-quenching.
Different to the post-AGB stars, the nature of the progenitor that hosted the i-process nucleosynthesis observed in CEMP-i stars is less clear. The observed abundance patterns of CEMP-i stars are assumed to show the products of nucleosynthesis in a companion star that have been accreted onto the lower-mass secondary in a binary system that we observe today. Therefore we do not know the initial mass and evolution of the progenitor. However, based on arguments from populationsynthesis and from comparing the relative numbers of CEMP-s and CEMP-i stars, the formation-channel of CEMP-i stars is not expected to be much less common than that of CEMP-s stars, if not even equally as likely (Abate et al. 2016) .
This scenario of pollution by a companion star is supported by the large binary fraction amongst the CEMP stars with Ba enrichment, which could be consistent with all these stars being in binaries (Lucatello et al. 2005; Starkenburg et al. 2014 ). However, Hansen et al. (2016) found a binary fraction of ≈ 80% in their sample of CEMP-s and CEMP-i stars using a systematic and precise long-term radial-velocity monitoring program. While this study confirms a much higher binary fraction amongst CEMP stars with Ba enrichment compared to normal metal-poor giants, it also finds four CEMP-s stars without any signs of a companion. A populationsynthesis study by Abate et al. (2018) shows that at least some or even all four of these apparently single CEMP-s stars could be undetected binaries with orbital periods of P 10 4 days. Alternatively, these stars could be single stars that require an alternative formation mechanism, e.g., pollution of their birth-clouds from previousgeneration spinstars (Choplin et al. 2017 ). The mentioned studies are for CEMP stars with Ba enrichment in general, which include CEMP-s and CEMP-i stars. It will need larger samples of stars with consistent radial velocity monitoring in order to draw individual conclusions for CEMP-s and CEMP-i stars separately. Due to the limited data, the binary fraction of CEMP-i stars in particular remains unclear.
If the binary fraction of the CEMP-i stars is similar to that of CEMP-s and if the stars without radial-velocity variations from Hansen et al. (2015) are true single stars instead of undetected long-period binaries, then there may be the need for an i-process site that can account for a minority of single CEMP-i stars that are not polluted by a companion star. For instance, metal-free and metal-poor massive stars of 20−30 M are considered as candidates for polluting the interstellar medium with iprocess material from which a single CEMP-i star could subsequently form (Banerjee et al. 2018; Clarkson et al. 2018) .
Alternatively, Denissenkov et al. (2017 Denissenkov et al. ( , 2018a investigated rapidly-accreting white dwarfs (RAWDs) as iprocess sites and also as progenitors for single CEMP-i stars. Under certain conditions of stable and rapid mass transfer between white dwarfs in a multiple system, iprocess nucleosynthesis could be hosted in the resulting He shell flashes. At decreasing metallicity, Denissenkov et al. (2018a) find increasing mass retention efficiencies for RAWDs which opens a possible channel for supernova type Ia explosions. If such a RAWD system in a close binary is orbited by a companion in a wider tertiary, this companion could be polluted with i-process material from the RAWD. Moreover, if a subsequent supernova explosion leads to the ejection of this tertiary companion from the triple system, it could be observable today as a single CEMP-i star (Denissenkov et al. 2018a ).
The formation of CEMP-i stars by RAWDs requires a very specific sequence of events, which may be disfavoured by the stellar population. While the mechanism is possible, only population synthesis calculations can determine if it is probable. The i-process nucleosynthesis in RAWDs only results from stable burning of accreted H, for which a very narrow range of accretion rates is required (Nomoto et al. 2007) . So far the stable mass transfer has been imposed in the simulations by Denissenkov et al. (2017 Denissenkov et al. ( , 2018a but for low-metallicity systems with [Fe/H] < −1 stable mass transfer at this specific rate is predicted to be unlikely (Kobayashi et al. 1998) . Moreover, it is not clear yet whether RAWDs are viable progenitors of CEMP-i stars, due to the low occurance rates of triple systems, in particular of such specific configurations that ultimately can form a close CEMP-i binary or are able to eject a CEMP-i single star from the system (Rastegaev 2010; Hamers et al. 2013; De Marco & Izzard 2017) .
When using our parametric study to infer i-process parameters that reproduce the observed abundance patterns, one has to keep the simplicity of our models in mind. We utilised single-zone nuclear network calculations to study i-process nucleosynthesis detached from an actual stellar framework. While we used representative temperatures and densities derived from stellar evolution models, we still keep them constant throughout our calculations. Most significantly, we even detach the production of the neutrons not only from the stellar site and the physical conditions, but also from the ongoing nucleosynthesis. While this has the advantage that we can concentrate on the details of the heavy-element production, it means that we only study the influence of a constant neutron density. Important aspects as for example the production of neutrons, its metallicity and time dependence, the effect of mixing and the replenishment of neutron-capture seeds etc. remain untouched in this study.
Additionally, the nuclear data and reaction rates at the base of this study suffer from significant uncertainties. It is known that their effects on i-process abundance patterns can be large: Bertolli et al. (2013) found, for example, that predicted i-process abundances of [Ba/La] can change up to 1 dex depending on the theoretical nuclear physics models and effects of up to 0.3 dex were found to come from the (n, γ) reaction rate uncertainties of ls elements (Denissenkov et al. 2018b ). Therefore, it is important to systematically study the influences that nuclear physics uncertainties have on the simulated abundance patterns.
CONCLUSIONS
In this study we examined the observed heavy-element abundances of two types of objects that show enrichments in traditional s-process elements produced in AGB stars but whose abundance patterns are generally incompatible with s-process predictions: CEMP-i stars and Pb-poor post-AGB stars, with representative metallicities of [Fe/H] ≈ −2.5 and [Fe/H] ≈ −1.3, respectively. We can explain these abundance patterns, including the combination of puzzlingly low Pb enhancements and high rare-Earth element abundances, as results of i-process nucleosynthesis. We used nuclear-network calculations to study heavy-element production at different constant neutron densities up to n = 10 15 cm −3 . The constraints posed by measured Pb abundances in these objects allowed us to characterise the neutron densities and exposures of the process responsible for creating the observed heavy-element abundances.
We find that the patterns of the post-AGB stars are best explained by neutron-capture nucleosynthesis at relatively low neutron densities of n = 10 11 cm −3 or n = 10 12 cm −3 and exposures between τ = 1.0 mbarn −1 and τ = 1.3 mbarn −1 . In contrast, higher neutron exposures of at least τ > 2.0 mbarn −1 are required to reproduce the abundance patterns of CEMP-i stars as well as higher neutron densities, mostly at n = 10 13 cm −3 or n = 10 14 cm −3 . These results offer new constraints and insights regarding the properties of i-process sites and demonstrate that the responsible process operates on short time scales, of the order of a few years or less, depending on the neutron density, and requires lower bulk neutron densities than the initially characteristic i-process neutron density of n = 10 15 cm −3 proposed by Cowan & Rose (1977) .
That the n and τ parameters of the best fits to the abundance patterns of CEMP-i stars and Pb-poor post-AGB stars cluster in different regions of the parameter space might offer additional insights: there could be a metallicity dependence of the underlying process that leads to the neutron bursts, or this could indicate two different mechanisms or sites.
To understand which neutron density over which time scale is responsible for which abundance patterns is only a first step. Future work will need to study how representative these patterns are for more realistic neutrondensity profiles, which are expected to reach some peak density and then decline afterwards. We still have to identify the main influences that shape the resulting abundance pattern and many questions remain unsolved: How does the lower neutron-density tail affect the final abundances after the peak density is reached? How quickly does the neutron source have to cease in order to maintain the characteristic i-process pattern formed at the peak neutron density before the exposure at lower neutron density reshapes the abundance patterns to resemble that of a typical s process? Can these effects (or the lack thereof) provide insights into the physical and structural properties of the i-process site? In order to understand the mechanisms responsible for i-process conditions, future theoretical i-process studies need to simulate heavy-element production in more realistic stellar environments, for example as presented for RAWDs by Denissenkov et al. (2018a) . A larger number of objects over a wider range of metallicities will improve the certainty with which we can constrain i-process properties and, of course, is fundamental to answering questions like How common is i-process nucleosynthesis? An increase in detected and (ideally homogeneously) analysed objects with i-process abundance patterns will therefore be very enriching for the field.
We are still at the beginning of understanding iprocess nucleosynthesis and there are many open questions that require further theoretical and observational studies. Ultimately improving our understanding of the mechanisms leading to the conditions under which the i-process operates will help us to complete our understanding of stellar physics, and the evolution and the origin of heavy elements in the Galaxy.
APPENDIX
A. ALL FITS: CEMP-I STARS (ONLINE ONLY)
This section shows the best fitting models for each of the CEMP-i stars that are not shown in section §5.1 in comparison to the observed abundance patterns in Figures 9 to 27 . Details of each best fit (neutron density n and time-integrated neutron exposure τ ) are shown in the right corner of the plots. For some stars two models at different neutron densities result in similarly good fits with their respective χ 2 values varying by less than 10%, in which case we provide both fits and χ 2 values (see also discussions in section §5). The lower panel shows the distribution of the residuals. The uncertainty of the observations σ Z,obs is indicated by errorbars in the upper panel and by the shaded region in the lower panel. The vertical lines show the location of Sr, Ba and Eu which are representatives of the ls and hs peak as well as the r process, respectively. For comparison the best fit from Abate et al. (2015) is shown if available, which shows the result of binary evolution and AGB nucleosynthesis. We refer the reader to the corresponding figures of Bisterzo et al. (2012) for comparison to s-process models with initial r-process enhancement. Best fitting model for CEMP-i star HD187861 compared to the best fit of s-process nucleosynthesis with binary evolution of Abate et al. (2015) . The best fitting s-process models with initial r-process enhancement can be found in Fig. 29 of Bisterzo et al. (2012) . Best fitting models for CEMP-i star HD209621. The best fitting s-process models with initial r-process enhancement can be found in Fig. 35 of Bisterzo et al. (2012) . Best fitting model for CEMP-i star HD224959 compared to the best fit of s-process nucleosynthesis with binary evolution of Abate et al. (2015) . The best fitting s-process models with initial r-process enhancement can be found in Fig. 30 of Bisterzo et al. (2012) . Best fitting model for CEMP-i star HE1305+0007 compared to the best fit of s-process nucleosynthesis with binary evolution of Abate et al. (2015) . The best fitting s-process models with initial r-process enhancement can be found in Fig. 22 of Bisterzo et al. (2012) . 
